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Quick Reference Data

OxygenateBlendiizgP~vpertiesat 27 Weight% Oxygen
(BaseFuel of 8Z6 AK4 9.0 Sensitivity,and an RVPof8.1 psi)

RON Sensitivity RVP
MON (R+M)/2 (R-M) (psi~)

MTBE 99 113 106 167 9
ETBE 103 119 111 13.8 3
Ethanol 99 126 113 27.2 20

Requirenientsto Make1 Gallon oft

Isobutylene Alcohol
ETBE .68 .42
MTBE .79 .34

CurrentProduction Capacity

MTBE 1.1 Billion Gallons/Yr. (75 mB/d)

ETBE None

In order to meet theCleanAir Act requirementsfor cities that do not attain
EPA’s carbonmonoxide requirements,gasolinemust contain2.7% oxygenby
weight. If ETBE is used as the oxygenateto satisfy this requirement,each
gallon of gasolinewould needto contain17.2%ETBE by volume.

The U.S. Treasuryrecentlyapprovedthe use of the federal alcohol fuel tax
credit for ethanolusedin the productionof ETBE. While ETBE is not yet
commerciallyavailablein largequantities,a few ETBE productionfacilities are
now plannedby industry. Given thehigh degreeof similarity in the production
processesused to make MTBE and ETBE, it is also possible that MYBE
productionfacilities could be convertedto produceor coproduceETBE.

Useful Terms and Definitions (also seeGlossary)

Aromatics: high octaneblendingcomponentsthat havea benzenering
in their molecularstructure. Commonlyusedterm for the BTX group
(benzene,toluene,xylene). Aromaticsare hydrocarbons.
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• Azeotrope: a liquid mixture that is characterizedby aconstantminimum
or maximum boiling point which is different than that of any of the
components.Azeotropesdistill without changein composition.

• Distillation Curves: the referenceto plotting a line connecting the
percentagesof gasoline that evaporate at various temperatures.
Distillation curve is used as an important control for fuel volatility
(vaporization)standards.

• Hydrocarbon: a compoundcomposedof carbonandhydrogenatoms.

• Octane Number (Rating): a measurementterm usedto identify the
ability of a fuel to resist spontaneouscombustion;the lower the octane
rating thegreaterthe tendencyfor a fuel to prematurelyignite due to
heatand compressioninside the cylinder andcauseengine ‘knock.’

- Motor Octane.~theoctaneastestedin asinglecylinderoctanetest engine
at more severeoperating conditions. Motor OctaneNumber (MON)
affectshigh speedandpart throttleknock andperformanceunder load,
passing, climbing hills, etc. Motor Octane is representedby the
designationM in the (R+ M)/2 equationand is the lower of the two
numbers.

- PwnpOctane.- a termusedto describetheoctaneaspostedon the retail
gasolinedispenseras(R+ M)/2 andis the sameasAntiknock Index.

- ReseamhOctane.- the octaneas testedin a single cylinder octanetest
engineoperatedunderlesssevereoperatingconditions.ResearchOctane
Number(RON) affectslow-to-mediumspeedknock and enginerun-on.
ResearchOctaneis representedby the designationR in the (R+ M)/2
equationandis the higher of the two numbers.

• Reid Vapor Pressure(RVP): a methodof determiningvaporpressureof
gasolineand otherpetroleumproducts. Widely usedin thepetroleum
industryasan indicatorof the volatility (vaporizationcharacteristics)of
gasoline.

• Volatility: termusedto describea gasoline’stendencyto changefrom
liquid to vapor.
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Key Issuesand Implications

Issue# 1: ETBE £s a high octane, low volatility oti1~’nah~

Ethers (like ETBE) and heavier alcohols (such as
tertiary butyl alcohol (TBA)) are oxygenates
characterized by low volatility (low blending RYP), high
octane,and provide somebeneficial cosolvencyeffects
that could be used by refiners to correct the blending
RVP of low molecular weight alcohols.

Implicationsof ETBE~cHigh OctaneLow Volatility:

• Lower VOC and evaporative emissions which will

reducesmogandozoneformation.

• Lower tailpipe emissions (CO) due to presenceof

oxygen in the blend.
• Reduction of tailpipe HC emissions due to more

completecombustionof the fuel blend.

• Reduction in toxic emissions due to substitution of
ETBE for benzeneandaromaticswhile maintainin~hi~h
octane.

• Lower RVP contributes to cold start driveahilitv
problems. Testsconductedby Phillips Petroleumfound
thatcold startdriveabilitywasnot noticeablyaffectedby
asmuchas23.5% by volume (equivalentof 3.7%02 by
weight).

Detailed !nfonnation.~Referto pages9-3 through9-6.
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Issuesand Implications

issue#2.~ compatibility wit/i existing liquid fuels
infrastructure.

ETBE, unlike alcohols, has a relatively low
solubility in water. Becauseof this advantage,
ethers (like ETBE and MTBE) can be blended
into gasolineat the refinery and shipped to the
market through common carrier gasoline
pipelines.

Implicationsof compatibility wit/i existing infrastructure:

• ETBE can be shipped via existing product

pipelines, tank trucks, etc.

• Petroleumrefinerswill acceptETBEjust asthey
accept MTBE, as a blending stock for
reformulatedgasoline.

• ETBE is completely soluble in base gasoline
(even in the presence of water) and can.
therefore,besplashblendedat terminals.

• Presenceof ETBE in gasolinerequiresno engine
or vehicle modificationssince it hasnoneof the
corrosionor materialincompatibility qualitiesof
ethanolor methanol.

Detailed infonna.tion.~Referto pages9-3 through 9-6.
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Introduction

The technical feasibility and application of methanol, ethanol,
tertiary butyl alcohol (TBA), and methyl tertiary butyl ether
(MTBE) in motor fuels hasbeenextensivelyinvestigatedduringthe
last two decades[1-10]. Of the possibleoxygenatedfuels, the two
most common in use today are MTBE and ethanol. However,
becauseof the relative scarcityof future low-priced, domestically
producedmethanolfor MTBE and the likely trend toward lower
volatility gasolines,ethyl tertiarybutyl ether(ETBE) has emerged
as a ‘~bestfuel” blending candidatefor the future. This section
discussesthe blendingproperties,performanceproperties,andthe
processtechnology to produce ETBE, as comparedto its two
competitors: MTBE andethanol.

Gasolinerelatedproperties

The typical propertiesfor oxygenatesare shownin Table9-1. [11]
Ethershavesuperiorfuel blendingpropertieswhen comparedto
the original alcohol forms. The blending RVPs (Reid Vapor
Pressure)of most alcoholsare muchhigher than their true vapor
pressures,as shown in Table 9-1 and Fig. 9-1 [12]. The RVP
increaseis due to the unfavorableinterreactionbetweenthe very
polar hydroxyl groupof alcoholsand the non-polarhydrocarbons,
leading to the formation of a.zeotropes. This tendencyof the

9-1
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TABLE 9-1. GASOLINE RELATED PROPERTIESOF OXYGENATES

PROPERTY
ETHERS ALCOHOLS

GASOLENE
ETBE MTBE TAME ISA

1
ETOH j NfEOH

Boiling Point(°F) 161 131 187 181 173 148 80-437

FreezingPoint (CF) -137.2 -164 - 78.0 -173.2 -143.5 -40.0

VaporPressure:
Ne.at RVP (100°F)
Blending RVP

4.0
4.0

7.8
8.0

2.5
2.0

1.7
9.0

2.3
17.0

4.6
31.0

8-15

Octanes:
Blending (R+M)/2 111 110 105 100 115 108~

Water Solubility (Wt %)
Water in Fuel
Fuel in Water

0.6
2.0

1.4
4.3 0.6

Negligible
Negligible

Density(lb/gal ~ 60°F) 6.2 6.2 6.4 6.6 6,6 6.6 60-6.5

EnergyDensity(LHV)
MBTU/GaI
MBTTJ/tb

96.9
15.5

93.5
15.1

100.6
15.7

94.1
14.3

76.0
11.5

56.8
8.6

109.0-119.0
18.0-19 0

Latent Heat of Vaporiza-

tion (60°F):
MBTU/Gal
MBTU/Ib

0.83
0.13

0.86
0.14

0.90
-

1.70
0.26

2.38
0.40

3.34
0.51

—0.90
—0.15

Oxygen Density
Vol. % ~ 2.7 Wt%
Oxygen

17.2 15.0 16.7 11.8 7.3 5.1 0.0

Azeotropes with
Hydrocarbons No No No Yes Yes Yes No

* Properties of Methaziol/Co.otvent Blends

~ Infinite

9-2

Figure 9-1
RVP Effects of Adding Oxyg.nat~to 9 RVP Fuels

0 1 2 3 4
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volatility of alcohol/gasolineblendsto increaseis commononly
with low molecularweightalcohols,suchasmethanoland ethanol.

Policy Issue#1

Ethers(like ETBE) andheavieralcohols (suchastertiary
butyl alcohol (TBA)) are oxygenatescharacterizedby low
volatility (low blending RVP), high octane,and provide
somebeneficial cosolvencyeffects that could be usedby
refiners to correct the blending RVP of low-molecular
weight alcohols.

This is illustratedin Fig. 9-1, by the suppressionof methanol’sRVP
increasewhenit is mixedwith GTBA (gasolinegradetertiarybutyl
alcohol).

Table9-1 and Fig. 9-1 alsoshow that ETBE hasa vaporpressure
advantageoverethanolor evenMTBE. At the 2.0 weight percent
oxygenlevel, ETBE has1.5 psi lower RVP thanethanoland0.5 psi
lower RVP thanMTBE. This advantageincreasesasthe oxygen
level increases.At the 3.0 level, ETBE has a 1.8 psi lower RVP
thanethanolanda 0.8 psi lower RVP thanMTBE. Whenusedin
gasoline,this allows the use of more butaneand otherdesirable
low-costblend stocks,without RVP penalty. [13]

Low-molecularweightalcoholsareinfinitely solublein water. This
property is amajor drawbackto the developmentof methanoland
ethanolasgasolinecomponentsbecauseof theirphaseseparation
in the presenceof water.

Policy Issue#2

ETBE, unlike alcohols, has a relatively low solubility in
water. Becauseof this major advantage,ethers (like
ETBE) can be blendedto gasoline at the refinery and
shippedto the market through commoncarrier gasoline
pipelines.
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Ether/gasolineblends do not experiencethe problem of phase
separation. Ethersareevenusedto improve the watertolerance
of alcohol/gasolineblends.

Performance

ETBE has a significantly higher Motor OctaneNumber (MON)
Boost,or anti-knockratio, thaneitherof ethanolor MTBE. This is
expectedto enhancevehicle performancesince most of today’s
smaller, higher performanceengines operateat higher engine
speeds which is more closely representedby the operating
conditions of the ASTM Motor OctaneMethod. Figure 9-2 [14]
showstheeffectof theoxygenateson anti-knockindexasa function
of oxygen content.

Figure 9-2
Oxygenate Effect on Anti-knock Index

93

92

91
Anti-knock

Index, 90
(R+m)/2

89

88

87

Oxygen Content, wt %

Alcohols form a.zeotropeswith hydrocarbons,ethersdo not. The
azeotropereducestheboilingpointsin someregionsof thegasoline
distillation curve, asshownin Figure 9-3. [15] Which part of the
curve is affecteddependson the boiling point and the type of
oxygenateused. The lighteralcoholssuchasmethanolandethanol
form minimum boiling point azeotropeswith hydrocarbonsand

0 1 2 3 4
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producea substantialincreasein the front-end volatility of the
distillation.

Figure 9-3
Effects of ETBE, MTBE, and Ethanol at Equal Oxygen
Content, on the Distillation Characteristics of Gasoline

240
220
200
180
160

Temp., 140
120
100

80
60
40
20

0 1020304050607080 90100

Since ethers do not form azeotropeswith hydrocarbons,ETBE
producesa more favorableincreasein the mid-rangevolatility of
the gasoline. This helps improve the “cold driveability” index of
gasolineby loweringthe50%pointof gasoline,asillustratedin Fig.
9-3.

Both alcohols and aromaticshave a significantly higher heatof
vaporization (Hv) requirement, but alcoholshave the advantageof
a lower boiling point. Ethers have a low Hv, independentof their
boiling points, as shownin Figure 9-4. [16] During cold engine
operation,the fuel vaporizationprocesssuper-coolsthe air since
thereis no othersourceto drawheatfrom. Fuelswith both a high
Hv and a high boiling point, suchas aromatics(xylene, toluene,
benzene),will be themostdifficult to vaporizebecausetheysuper-
cool the air. A poor vaporizationleads to poor fuel/air mixing
which contributesto incompletecombustion(higherHC emissions).
To avoid this problem, General Motors (GM) has suggested

Gasoline
23.5% ETBE
20% MTBE
10% Ethanol

‘‘ Oxygen Content of Each
Oxygenated Fuel = 3.7 Mass %

Percent Evaporated
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reducing the 90% point temperatureof the gasoline distillation
curveby removingthe back end(high boiling portion) of the fuel
and increasingthe mid-range volatility of the fuel. This can be
accomplishedby theblendingof ETBE with gasoline.[17] Previous
studies by others have also shown that increasing mid-range
volatility will reduceHC emissionsfrom the tailpipe. [18] These
resultsconfirm the expectedbeneficial effect of ETBE on the
gasolinedistillation curve.

ETBE’s low boiling point also has the added benefit of putting
moreof the octaneinto thefront endof thedistillation curve. This
producesabetteroctanedistributionthroughthe full boiling range
of the gasolineandprovidesaddedperformanceduring high RPM
engineoperation.

Figure 9-4
Heat of Vaporization of Oxyg.nates and Hydrocarbons

2.5
Alcohols

2
x

Heat of Aromatics X
Vaporization 1.5
(MBtu/Gai)

Paraffins .

1 Q~fi . . . . .

Ethers E E ~
p OP. p o

p p FPE OP
0.5 100 200 300 400

Boiling Point (F)
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Although the useof ETBE in gasolineis currentlylimited to 12.7
volumepercent(2.0 weightpercentoxygen)by the EPA’s “gasoline
substantiallysimilar rule,” studieswere performedwith levels of
ETBE rangingfrom 0.0 to 23.5 volumepercent(3.7 weight percent
oxygen) in gasoline. The obtained results show that cold start
driveability was not found to be noticeablyaffectedby as muchas
23.5 percentETBE. No considerabledetrimental effects were
observeddueto corrosionof typical materialsfound in fuel systems.
Theswelling of polymericandelastomericpartsof the fuel systems
was shownto be no greaterthanwith typical fuels in currentuse.

Production processtechnology

Figure9-5 [19] showsthe simplified flow chartfor the production
of ETBE and MTBE, by a catalytic reactionbetweenisobutylene
andethanolor methanol,respectively. A mixture of C4 feedstock
from fluid catalyticcrackingunit (FCCU),is combinedwith ethanol
or methanolin a controlledoptimized ratio to isobutylene. The
resulting mixture is fed to the liquid-phase,fixed-bedETBE or
MTBE reactor, containingan ion exchangeresin catalyst. The
typical compositionof the C4 streamfrom FCCUis shownin Table
9-2, while the compositionof the productstreamis illustrated in
Table 9-3. [20] The C, feedstockcan alsobe obtainedfrom the
by-product isobutylene from olefin plants and from isobutane
dehydrogenationplants.
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~~Fernientatlon

Figure 9-5
Flow Chart of MTBE/ETBE Process

Grain

n-butane

I
Isomerizatton

Isobutarie ØP’.{ Dehydrogenatlon~~

Tert-Butariol

APropylene
Oxide Unit
Byproduct

A
Fluidized Coal

Cracker or
Olefln Unit

Fluldlzed Catalytic
Cracker Unit

Ethanol
0.62 Gal

Ether
1.0 Gal ~ Synthesle

1.47 Gal.~ ETBE

H20 t
Coal, I Steam Co _______I Alcohol-

Natural Gas, ~( Reforming ~Hydrogin ~ Synthesis
Water ____________ ____________

9-8

~MTBE

0,43 Gal

Methanol
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TABLE 9-2. CHARGE STOCK COMPOSITION

FCCU C STREAM

Component BP$J~

Isobutane 2,296

Isobutylene 959

Butene-1 905

Normal Butane 931

TR-Butene-2 1,102

CIS-Butene-2 676

Pentanes 89

6,958

ETHANOL STREAM

COMPONENT BPSD

Ethanol 485

Water 32

511*

* CH3CH2OH-H20 Solutions have a negativemixing volume.
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TABLE 9-3. PRODUCT STREAM COMPOSITION

C. STREAM RETURNED TO REFINERY FOR ALKYLATION CHARGE OR OTHER
Component BPSD

Isobutane 2,296

Isobutylene 35

Butene-1 905

Normal Butane 931

TR-Butene-2 1,102

CIS-Butene-2 676

Pentanes 89

Diethyl Ether 2

6,036

TBA PRODUCT

COMPONENT BPSD

ETBE 10

TBA 133

OtherC-8’s 79

Water 1

233

ETBE PRODUCT

COMPONENT BPSD

Diethyl Ether 2

ETBE 997

TBA 1

1,000



ETHYL TERTL4RYBUTYLETHER (ETBE) 9-11

The chemical reactions that occur and the volumetric yield
equationsare shown in Table 9-4. [21] In addition to the main
reactionproducing MTBE and ETBE, side reactionsoccur that
produce, in addition to tertiary butyl alcohol (TBA) and

diisobutylene(DIB), a small amountof diethyl ether(DEE).

TABLE 9-4. ETBE AND MTBE REACTIONS

Main Reaction

CH2C(CH3) + CH3CH2OH (CH3)COCH2CH3

CH2C(CH3) + CH3OH (CH3)COCH3

Side Reactions Typical Concentrations

1. 2iC; er DIB <.1%

2. iC; + H20 er TBA 2.0%

3. 2 CH3-CH2OH ~ CH3-CH2-O-CH2CH3 + H20 <.02%

Diethyl Ether

Volume Yield Equation

1.OiC; + 0.62 ETOH = 1.46 ETBE

1.OiC; + 0.43 MeOH = 1.27 MTBE

An isobutyleneconversionlevel of ashigh as 96% for ETBE or
MTBE is achieved. However,significantamountsof alcohol are
found in thebottomsproduct(ETBE/MTBE). Becauseof both the
azeotropicpropertiesof alcoholsandthe distributionproblemsdue



9-12 PROPERTIESOF ALCOHOL FUELS

to theirphaseseparation,an ethanol/methanolrecoverysystemis
included in the design in order to produce high purity
ETBE/MTBE suitable for the merchant market and pipeline
distribution systems. The ether/alcoholmixture is fractionatedin
an alcohol extractor where the alcohol is contacted counter
currentlyby a circulating washwaterstreamleaving this extractor
containingless than 100 ppm of ethanol. The circulating wash
waterwith absorbedethanolflows from thebottomof the extractor
to the ethanol stripper where the ethanol is recoveredas an
overheadproductandrecycledto theETBE reactors.Although the
water content of this ethanol streamposes no problem to the
reactioncatalyst,an additional amountof TBA is produced.

The catalystusedin theprocessis sensitiveto poisoningby organic
and inorganic bases,nitrogen compoundsand trace metals, all
presentin the feedstocks. The catalystactivity decaysat a rate
proportionateto the level of feedstockimpurities. The catalystlife
can be extendedto two yearsor more, dependingon the type of
designandtechnologyinvolved. Conversionin awell-run operation
can be maintainedfor a 2-yearperiod. [22]

Suppliesandcommercialization

As mentionedearlier,thetwo oxygenatedfuels mostusedtodayare
MTBE andethanol. ARCO ChemicalCompany,which completed
theconstructionof its first MTBE plant in Decemberof 1979,is the
largestproducer in the world with a total capacity for MTBE of
over 23 million metric tons peryear.

It has beensuggestedthat the main constraint to future use of
ethersin the gasolinepooi will be the availability of isobutyleneto
reactwith ethanolor methanol,If this is thecase,ETBEwill enjoy
anaddedadvantageoverMTBE in that lessisobutyleneis required
to react with ethanol on a per gallon basis, i.e., 0.68 gallons
isobutylenefor 1 gallon of ETBEvs. 0.79 gallonsof isobutylenefor
1 gallon of MTBE. On the other side of the equation., more
ethanolthanmethanolis requiredto makeequivalentamountsof
ETBE andMTBE, respectively. This presentsno problemssince
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ethanolis andwill be an abundant,domesticallyproducedfuel or
feedstock. This is very important in light of national security
concerns,especiallywhen estimatesof future methanolsupplies
predict that the majority of sourceswill be from either the Middle
Eastor the USSR.

The economicsfor ETBE have not beencompletedyet and until
the processis completely proven, current economicsfavor the
productionof MTBE. However, the technologyexiststo produce
ETBE at such time as conditions warrants. Now that the U.S.
Treasuryhasapprovedthe useof the federalalcoholfuel tax credit
for ethanol used in the production of ETBE, this opens an
economicalroutefor ethanolto go into gasolinein the form of a
hydrocarbon-likeether.

Conclusions

ETBE is a potentially valuable blending stock for gasoline.
Becauseit can be producedfrom isobutyleneand agriculturally
(grain or biomass)basedethanol,tax incentiveshavebeencreated
to increase its economic viability. Experimental studies at
concentrationsof up to 23.5volumepercentdid not showany “fatal
flaw.” Basedon overallpropertiesandperformance,ETBE, a new
blending componentin gasolineand usefuloctaneenhancer,was
evaluatedcomparableor evenbetterto thoseof the basegasoline,
ethanoland MTBE. [23]
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